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For a symmetry consistent theoretical description of the multiferroic phase of Ba2CoGe2O7 a precise knowl-
edge of its crystal structure is a prerequisite. In our previous synchrotron X-ray diffraction experiment on
multiferroic Ba2CoGe2O7 at room temperature we found forbidden reflections that favour the tetragonal-to-
orthorhombic symmetry lowering of the titled compound. Here, we report the results of room-temperature
single-crystal diffraction studies with both hot and cold neutrons to differentiate between the real symmetry
lowering and multiple diffraction (the Renninger effect). A comparison of the experimental multiple diffrac-
tion patterns with simulated ones rules out the symmetry lowering. Thus, the structural model based on the
tetragonal space group P 4¯21m was selected to describe the Ba2CoGe2O7 symmetry at room temperature.
The precise structural parameters from neutron diffraction at 300 K are presented and compared with the
previous X-ray diffraction results.
I. INTRODUCTION
Recently, multiferroic behavior and static magneto-
electric effects have been observed in many members
of the melilite family, e.g., Ca2CoSi2O7, Sr2CoSi2O7,
Ba2MnGe2O7 and Ba2CoGe2O7 [see, e.g., Murakawa
et al. (2012) and references therein]. The dynamical
magnetoelectric effect, also observed in these compounds,
drastically changes the optical properties of multiferroics
compared with conventional materials. For instance,
a recent work of Ke´zsma´rki et al. (2014) discovered
quadrochroism at the magnetoelectric spin excitations of
multiferroic Ca2CoSi2O7, Sr2CoSi2O7 and Ba2CoGe2O7.
Due to the lack of complete structural phase diagrams
in the case of melilites, the high symmetry melilite phase
is often used as a basis for theoretical calculations and
experimental investigations [see, e.g., Ke´zsma´rki et al.
(2014), Szaller et al. (2014), Bordacs et al. (2012), Akaki
et al. (2009) and references therein]. However, the
melilite family shows a variety of structural phase tran-
sitions, including incommensurate phases, depending on
temperature and chemical composition. The knowledge
about the precise crystal structure is a very important
a)Electronic mail: mail@sazonov.org
input to understand magnetoelectric phenomena in mul-
tiferroics. For instance, in the work of Perez-Mato and
Ribeiro (2011) the main features of the magnetoelectric
behaviour in Ba2CoGe2O7 were predicted by symmetry
considerations without referring to any specific micro-
scopic mechanism. Thus, the exact structural model is
often an essential starting point for further theoretical
and experimental research.
The results of our previous synchrotron X-ray diffrac-
tion study on Ba2CoGe2O7 below room tempera-
ture (Hutanu et al., 2011) are in favour of a symme-
try lowering from the high-temperature tetragonal struc-
ture with space-group (SG) P 4¯21m to the orthorhom-
bic SG Cmm2. The assumption of the symmetry reduc-
tion was based on both the presence of reflections forbid-
den in P 4¯21m (Hutanu et al., 2011) and the found mag-
netic space group (MSG) Cm′m2′ (Hutanu et al., 2012).
The MSG was then independently confirmed (Hutanu
et al., 2014) by polarised neutron diffraction, namely the
spherical neutron polarimetry technique. In contrast,
the origin of the observed superstructure reflections in
Ba2CoGe2O7 was never cross-checked by other methods.
An observation of the weak, but well noticeable intensi-
ties at the positions of forbidden reflections in reciprocal
space for other melilite compounds, such as Ca2CoSi2O7
and Ba2MnGe2O7 motivated us to re-investigate this ef-
fect more precisely.
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2In order to differentiate between real symmetry low-
ering and multiple diffraction (the Renninger effect),
neutron diffraction with both short (hot neutrons) and
long (cold neutrons) wavelengths was applied. Multiple
diffraction patterns (the so-called ψ scans) were simu-
lated before the experiment in order to select the most
appropriate wavelength and positions in reciprocal space.
It was found, that the scattered intensity detected at
the positions of forbidden reflections are entirely due
to multiple diffraction. Thus, the crystal structure of
Ba2CoGe2O7 at room temperature (RT) can be perfectly
described by the tetragonal SG P 4¯21m. We present here
the results of the model selection based on the multi-
ple diffraction patterns as well as the complete structure
refinement of Ba2CoGe2O7 at RT using neutron diffrac-
tion.
II. EXPERIMENTAL
Single crystals of Ba2CoGe2O7 were grown by the
floating-zone technique and were well characterised in
previous studies [see Hutanu et al., 2014 and references
therein]. The sample used for the neutron diffraction ex-
periment has a cylindrical shape of approximately 5 mm
in height and about the same diameter.
Single-crystal neutron diffraction studies with both
short and long wavelengths were performed on the two
diffractometers HEiDi (Meven, Hutanu, and Heger, 2007)
and MIRA (Georgii et al., 2007) at the FRM II reactor,
Heinz-Maier-Leibnitz Zentrum (MLZ), Germany. On
HEiDi, the wavelength λ = 0.793 A˚ was obtained from
a Ge(422) monochromator with an Er-filter used to sup-
press the λ/2 contamination. A 3He point detector, op-
timised for neutrons with short wavelength, was used for
the measurements of both ψ scans and a full data col-
lection at room temperature. On MIRA, the wavelength
λ = 4.488 A˚ was obtained from a HOPG monochromator
with Be-filter to suppress the λ/2 contamination. Both
point and position sensitive detectors were used for the
measurements of ψ scans at room temperature.
On both instruments, an Eulerian cradle was used and
the sample was oriented in a way to have the forbidden
reflections of the (h00) type in the scattering plane when
the χ angle in the conventional 4-cycle geometry was ap-
prox. 90◦. This geometry allows an easy rotation around
ψ by 360◦ as it almost coincides with the conventional
φ rotation. As the first step of the measurements, the
orientation matrix was refined. Secondly, the conven-
tional θ, ω, χ and φ values for any of the requested ψ
angles were calculated by the DIF4N 1 program. Then,
an ω scan was performed for each ψ value and the inte-
grated intensity of the scan was assigned to that ψ point.
1 Version of instrument control program DIF4 (Stoe and Cie, 1992)
modified for neutron diffractometer HEiDi.
As a result, the integrated intensity versus ψ curve was
obtained and further compared with the calculations of
possible multiple diffraction.
The integrated intensities of the reflections col-
lected with point detector were obtained using the
DAVINCI program (Sazonov, 2015). The multiple
diffraction patterns were simulated using the UMWEG
program (Rossmanith, 2007). The structural parameters
of Ba2CoGe2O7 were refined from the full data collec-
tion using the JANA2006 program (Petrˇ´ıcˇek, Dusˇek, and
Palatinus, 2014). Experimental and refinement details
are summarised in Table I.
III. RESULTS AND DISCUSSION
A. Room temperature crystal structure model
In single-crystal neutron diffraction studies performed
with short wavelengths (λ . 1.2 A˚) on melilite com-
pounds, we often observed weak reflections at the posi-
tions of reflections forbidden in the teragonal SG P 4¯21m.
The intensities of those reflections are usually larger than
three times their standard deviations (3σ) and, in gen-
eral, could be explained, by higher order wavelength con-
tamination, multiple diffraction or symmetry lowering.
However, the forbidden reflections are found to be
much stronger than possible contaminations by higher
order wavelengths, which are effectively suppressed by
the specific filters. Thus, at the HEiDi diffractometer
with λ = 0.793 A˚, the λ/2 contribution is expected to
be less than 0.5 %. In contrast, the experimentally mea-
sured intensities are much stronger and reach up to a
few percents. Therefore, the higher order wavelength
contamination is excluded from the list of the possible
explanations of the observed superstructure reflections.
In order to study an influence of the possible multi-
ple diffraction contribution in Ba2CoGe2O7, a simulation
of the ψ scans was performed prior to the experiment.
The instrumental parameters used in the simulation are
the horizontal and vertical beam divergences (δH , δV )
and the wavelength spread (∆λ/λ) of the incident beam.
Those were estimated based on the geometry of the in-
strument. The Ba2CoGe2O7 sample specific parameters,
like the mosaic spread (ν) and the mosaic-block radius (r)
were set manually. Fractional atomic coordinates (x, y,
z) and anisotropic atomic displacement parameters (Uiso)
for Ba2CoGe2O7 were obtained from the structure refine-
ment using the present single-crystal neutron diffraction
data (see next section).
Figure 1 shows the comparison of the simulated mul-
tiple diffraction pattern for the forbidden (300) reflec-
tion and the experimental data collected at HEiDi with
λ = 0.793 A˚. The following parameters were used in
the calculations: ∆λ/λ ≈ 0.01, δH ≈ 0.7◦, δV ≈ 1.6◦,
r ≈ 15µm and ν ≈ 0◦. A good agreement between the
calculated and experimental data indicates that both in-
strumental and sample specific parameters were reason-
3TABLE I. Single-crystal neutron diffraction experimental and
refinement details.
Crystal data
Chemical formula Ba2CoGe2O7
Mr 590.8
Cell setting, space group Tetragonal, P 4¯21m
a, b, c (A˚) 8.39(1), 8.39(1), 5.56(1)
V (A˚3) 391.4
Z 2
Dx (Mg m
−3) 4.8877
Radiation type Constant wavelength
neutron diffraction
radiation, λ = 0.793 A˚
µ (mm−1) 0.01
Temperature (K) 300
Crystal form, colour Cylinder, blue
Crystal size (mm) 5× 5× 5
Data collection
Diffractometer Four-circle diffractometer
Radiation source Nuclear reactor
Monochromator Ge (422)
Temperature (K) 300
Data collection method ω scans
θmax (
◦) 49.45
[sin θ/λ]max (A˚
−1) 0.96
Range of h, k, l 0→ h→ 14
0→ k → 16
−10→ l→ 10
No. of measured reflections 1750
No. of independent reflections 966
No. of independent reflections 952
with I > 3σ(I)
Rint 0.019
Refinement
Refinement on F 2
R[F 2 > 3σ(F 2)], wR(F 2), S 0.019, 0.047, 2.09
No. of reflections 952
No. of parameters 35
Weighting scheme, w 1/[σ2(F 2o ) + 0.0004F
4
o ]
Extinction correction Isotropic,
Gaussian Type 1a
Extinction coefficient 0.137(2)
a According to Becker and Coppens (1974)
ably selected. As can be seen from figure 1, the very
broad peaks on the ψ scan make it impossible to separate
the case of the symmetry lowering from that of the multi-
ple diffraction. There is no single point in the diffraction
pattern without an overlap of the neighbouring reflec-
tions and the intensity never drops down to zero. As a
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FIG. 1. Multiple diffraction pattern of the forbiden (300)
reflection of Ba2CoGe2O7 according to the calculations (top
blue curve) and single-crystal neutron diffraction experiment
(bottom red curve) with short wavelength λ = 0.793 A˚.
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FIG. 2. Multiple diffraction pattern of the forbiden (100)
reflection of Ba2CoGe2O7 according to the calculations (top
blue curve) and single-crystal neutron diffraction experiment
(bottom red curve) with long wavelength λ = 4.488 A˚.
result, the possible contribution caused by symmetry re-
duction could be well hidden by the multiple diffraction
part. A comparison of the simulated and experimental
intensities is not reliable and therefore could not be used
to solve the problem.
In contrast to the short wavelength case, cold neutrons
4allow to overcome the problem with overlapping peaks in
the ψ scans. A change of just one single parameter, the
wavelength λ, in the simulation process from λ = 0.793 A˚
to λ = 4.488 A˚ drastically modifies the entire multiple
diffraction pattern. The number of peaks is reduced and
they become well separated from each other: Regions of
zero intensity appear on the simulated curve. An adjust-
ment of the instrumental parameters allows to achieve
a better agreement between the experimental data and
calculations. Thus, in the simulations with cold neu-
trons, the following parameters were used: ∆λ/λ ≈ 0.01,
δH ≈ 0.5◦, δV ≈ 0.5◦, r ≈ 15µm and ν ≈ 0◦. We se-
lected the forbidden (100) reflection for the measurement
because the (300) reflection was not reachable with the
long wavelength. The experimental values for (100) agree
well with the calculation as can be seen in figure 2. We
were able to reproduce the zero-intensity regions experi-
mentally. Therefore, the observed intensity on the posi-
tions of forbidden reflections could be explained solely by
multiple diffraction. This rules out the symmetry lower-
ing scenario in Ba2CoGe2O7 and supports the tetragonal
SG P 4¯21m to be the correct description of the true struc-
ture at room temperature.
However, the question about the Ba2CoGe2O7 sym-
metry in the antiferromagnetic state (below TN ≈ 5.7 K)
remains open. In the magnetically ordered state at low
temperatures, a separation between the symmetry low-
ering and multiple diffraction cases becomes much more
difficult because of the allowed magnetic contribution to
the positions of forbidden reflections on the ψ scans (due
to the extinction rules). In that case, the use of polarised
neutron diffraction is preferable, which could allow to
separate the nuclear part from the magnetic one. How-
ever, the geometrical limitations on the sample rotation
and inclination caused by the necessity of using the cryo-
stat significantly complicates the experimental setup. As
a result, the method applied here is not easily applicable
to unambiguously determine the crystal structure at low
temperatures.
It should be noted, that in our previous synchrotron
X-ray diffraction study on Ba2CoGe2O7 below room tem-
perature we also observed the forbidden reflections and
interpreted them as a symmetry lowering (Hutanu et al.,
2011). In that experiment, the test ψ scan did not show a
complete disappearance of the intensity at the positions
of forbidden reflections. The instrumental parameters,
such as, the beam divergence and wavelength spread are
expected to be much smaller for the synchrotron X-ray
case and as a result the peaks on the ψ scan should be
separated even at short wavelengths. However, the short
wavelength (λ ≈ 0.7 A˚) combined with the possible large
mosaicity of the sample used in that experiment could
significantly increase the peak width and thus hide the
zero-intensity regions.
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FIG. 3. Quality of the Ba2CoGe2O7 crystal structure refine-
ment in SG P 4¯21m according to the present single-crystal
neutron diffraction data at 300 K. The experimentally mea-
sured integrated intensities (F 2obs) are plotted against the cal-
culated ones (F 2calc). The intensities of few selected Bragg
reflections are marked.
B. Room temperature structural details
In order to determine the precise structural parame-
ters for Ba2CoGe2O7 at room temperature we performed
a refinement from our neutron diffraction data using the
crystal structure model selected in the previous section
(SG P 4¯21m). The starting parameters were taken from
the published structure determined by synchrotron X-ray
diffraction at 293 K (Hutanu et al., 2011). All atomic
positions which are not restricted by symmetry were re-
fined together with the anisotropic atomic displacements
(Uaniso), scale and extinction parameters. It should be
noted here, that the intensity of strong reflections may
be reduced by multiple diffraction, an effect which is not
taken into account in the refinement calculations. The
agreement between the experimental and calculated data
is shown in Figure 3. Table II presents the refined atomic
coordinates as well as the isotropic atomic displacement
(Uiso) parameters, while Uaniso are given in table III. Full
details of the refinement, including bond lengths and an-
gles, are deposited in the crystallographic information file
(CIF).
A comparison of the room temperature structure from
neutron and synchrotron X-ray diffraction shows a negli-
gible difference in the positional parameters with an aver-
age value of less than 1σ. The largest shift in the atomic
positions of approx. 0.007 A˚ is found for zO2.
5TABLE II. Fractional atomic coordinates (x, y, z) and
isotropic atomic displacement parameters Uiso (A˚
2) for
Ba2CoGe2O7 refined in SG P 4¯21m according to the present
single-crystal neutron diffraction data at 300 K.
Ion Wyckoff x y z Uiso
position
Ba 4e 0.33475(6) 0.16525(6) 0.4926(2) 0.0072(1)
Co 2b 0 0 0 0.0063(3)
Ge 4e 0.14052(4) 0.35948(4) 0.0398(1) 0.0053(1)
O1 2c 0 0.5 0.1581(2) 0.0098(2)
O2 4e 0.13840(7) 0.36160(7) 0.7298(1) 0.0103(1)
O3 8f 0.07943(7) 0.18466(6) 0.1872(1) 0.0100(1)
TABLE III. Anisotropic atomic displacement parameters
Uaniso (A˚
2) for Ba2CoGe2O7 refined in SG P 4¯21m accord-
ing to the present single-crystal neutron diffraction data at
300 K.
Ion U11 U22 U33
Ba 0.0074(2) U11 0.0068(2)
Co 0.0056(3) U11 0.0076(7)
Ge 0.0053(1) U11 0.0053(2)
O1 0.0111(2) U11 0.0071(4)
O2 0.0123(2) U11 0.0065(2)
O3 0.0136(2) 0.0066(2) 0.0098(2)
Ion U12 U13 U23
Ba 0.0024(2) -0.0005(1) -U13
Co 0 0 0
Ge 0.0006(1) 0.0001(1) -U13
O1 0.0061(3) 0 0
O2 0.0023(2) 0.0006(1) -U13
O3 -0.0030(1) -0.0021(2) 0.0006(1)
IV. CONCLUSIONS
In order to differentiate between a real symmetry low-
ering and multiple diffraction (the Renninger effect), neu-
tron diffraction experiments with both hot and cold neu-
trons were performed. It was found that the scattered
intensities detected at the positions of forbidden reflec-
tions are entirely due to the multiple diffraction. Thus,
the crystal structure of Ba2CoGe2O7 at room tempera-
ture can be described by the tetragonal SG P 4¯21m with-
out any symmetry lowering. The precise structural pa-
rameters of Ba2CoGe2O7 at 300 K are found to be in
a good agreement with the previous synchrotron X-ray
diffraction results.
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